The purpose of this study was to determine whether the generation of a neointima, an early step in the development of atherosclerosis, affects endothelium-dependent or -independent vasodilatation. The neointima was induced, within 7 days, by positioning a nonocclusive silicone collar around one carotid artery in rabbits. After 1, 2, 7, or 14 days segments were cut from the collar-surrounded region of this artery as well as from the sham-operated contralateral artery and were used for isometric tension recording or for bioassay of nitric oxide (NO). The acetylcholine-induced release of NO was significantly reduced at 7 days. The investigation we applied a new model in which perivascular manipulation of the rabbit carotid artery results in the generation of a neointima, which is an early and essential step in the development of atherosclerosis.10 A great advantage of this model is that these changes occur within 7 days and that normal and intima-bearing vessels can be obtained from the same animal. The purpose of this study was to determine whether intima formation affected 1) the receptor-related and non-receptor-mediated release of, and the vascular responses to, NO; 2) prostacyclin and other cAMP-mediated relaxations, and 3) the vascular responses to 13-HODE.
defect at the level of the endothelial muscarinic receptors. The presence of a fully developed neointima did not alter the responsiveness to isoproterenol and forskolin but enhanced prostacyclin-mediated responses (assessed by iloprost and 13-hydroxyoctadecadienoic acid). These results illustrate selective alterations of endothelial and smooth muscle cell function in intima generation before fatty streak formation. (Circulation Research 1991; 68:1669 -1680 T he vascular endothelium generates the antiaggregatory and vasodilator substances prostacyclin and nitric oxide (NO).' In addition, 13-hydroxyoctadecadienoic acid , which is synthetized from linoleic acid by endothelial cells, is also a platelet inhibitor.2 These three local substances are thought to contribute to the nonthrombogenic state of the endothelial lining.
Previous investigations demonstrated that atherosclerosis impairs endothelium-dependent vascular relaxation. In these studies human coronary arteries or vessels removed from rabbits, pigs, and monkeys fed a cholesterol-rich diet were used. [3] [4] [5] [6] [7] [8] [9] In the present contralateral carotid artery was used as a control. It was identically manipulated as the left carotid artery but was not enclosed by the collar. All rabbits were fed standard laboratory chow for 1, 2, 7, or 14 days.
Thereafter, the rabbits were anticoagulated with heparin (150 units/kg i.v.) and anesthetized with sodium pentobarbital (30 mg/kg i.v.). Both left (with the collar) and right carotid arteries were dissected and immediately placed in a gassed (95% 02-5% C02) physiological salt solution. The vessels were carefully cleaned of loose connective tissue.
Vascular Reactivity
Two rings (i.e., a cranial and a caudal segment [3-4 mm long]) were cut from the right (control) and left (central collar-treated region) carotid arteries. Thus, the control as well as the contralateral collar segments were tested in duplicate. The rings were suspended in organ chambers filled with 25 ml physiological salt solution, maintained at 37°C, and continuously gassed with 95% 02-5% C02.6 Tension was measured isometrically with a Statham UC2 force transducer (Gould, Cleveland, Ohio). After an equilibration period of 15 minutes the preparations were gradually stretched to a tension of 8 g, which had been determined in preliminary experiments to bring both control and collar segments to the optimal point of their length-tension relation. The segments were then allowed to equilibrate for 45 minutes at their optimal length.
Subsequently, the rings were precontracted with phenylephrine (3.5x10-7 M), and seven cumulative dose-relaxation curves were made in each segment with acetylcholine (10-9 to 4x 10-6 M), nitroglycerin (10-9 to 1.6x10`M), 3-morpholinosydnonimine (SIN-1, 10-9 to 1.6x10`M), isoproterenol (10-8 to 10-5 M), forskolin (1.6x10-8 to 4x10-6 M), iloprost (10-9 to 10-6 M), and 13-HODE (10`8 to 10-5 M), respectively. Dose-response curves of the various agonists were randomized, except for 13-HODE, which was used second to last, and forskolin, which was tested last, because of its difficult washout. Between agonists the bath solution was exchanged three times, and tissues were allowed to equilibrate for 30 minutes. Whenever indomethacin (3 x 10-6 M) was used, it was added to the organ chambers 40 minutes before the administration of the agonists.
In a second experiment with iloprost only one ring was cut from each the control artery and the contralateral carotid artery, which had been enclosed by the collar for 7 days.
To test whether there were intrinsic differences in reactivity between left and right carotid arteries, dose-response curves made in segments proximal to the collar-treated region of the left carotid artery and in rings from the right (control) carotid artery were compared. Histological Examination After completion of the reactivity studies, the seg- A23187 and forskolin were dissolved in dimethyl sulfoxide and diluted in distilled water. L-Norepinephrine-L-hydrogentartrate was dissolved in an aqueous 0.01% ascorbic acid solution and diluted in the physiological salt solution. The stock solution of 13-HODE was diluted in distilled water; the final concentration of ethanol in the organ chambers never exceeded 0.2%. The other drugs used were dissolved and diluted in distilled water.
Data Analysis
The tension (g) was measured and expressed as a percentage of the contraction induced by phenylephrine (3.5x 10-`M). All data are given as the mean+SEM. The number of carotid arteries reported (n) equals the number of rabbits used. The negative logarithm of the concentration of agonist that produced a relaxation halfway between the minimum and maximum relaxation obtained with that agonist (-log EC50) was calculated for each ring by using linear regression analysis. 12 The data of the organ chamber experiments were analyzed by analysis of variance13 with collar (two levels) as within-rabbit factor and duplicate (two levels) as within-artery factor. For the analysis of the bioassay an analysis of variance with collar (two levels) as within-rabbit and bolus (three levels) as withinartery factor was used. The medical analysis of variance module of the spss/pc' (SPSS, Chicago) package was applied for these purposes. A 5% level of significance was selected.
Results

Histological Examination
The positioning of the collar for 1 day induced lesions of the media characterized by a very discrete leukocyte infiltration and possibly necrosis of smooth muscle cells. Smooth muscle cells between the endothelial cells and the internal elastic lamina could not be observed ( Figure 1A ), but after 2 days focal accumulations of these cells were noted. Lesions of the media were still present but were less conspicuous than after 1 day ( Figure 1B ). When the collar had been present for 7 days a small, diffuse neointima was generated that consisted of longitudinally orientated smooth muscle cells, some ill-defined mononuclear cells, and in between them collagen and elastic fibers. In contrast to the situation after 1 day, only very few media lesions could be observed ( Figure 1C ). Fourteen days after the placement of the collar an extensive, broad, diffuse neointima was formed. Lesions of the media were no longer noted ( Figure 1D ). The endothelial cell layer seemed to be morphologically intact, but the cells had adopted a cuboidal shape.
Vascular Reactivity
Comparison between control segments from left and rght carotid arteries. The vascular reactivity in response to acetylcholine, nitroglycerin, iloprost, norepinephrine, and serotonin was tested. Differences in reactivity between left and right control segments were not observed to any of the agonists used (Table  1) .
cGMP-mediated vasodilatation. Acetylcholine caused 85-100% relaxation of the control segments precontracted with phenylephrine (3.5 x 10-7 M). The maximum extent of relaxation induced by this agent was not reduced by positioning of the collar, except after 1 day. A statistically significant twofold to threefold increase of the EC50 and a corresponding rightward shift of the dose-response curve was seen at all four times studied (Table 2, Figure 2 ). Analogous results were obtained in the presence of indomethacin (3 x 10-6 M) (n=7).
The control rings of all groups showed a relaxation of about 95% of the initial contraction in response to nitroglycerin. In the segments that had been enclosed by the collar for 1, 2, 7, or 14 days the EC50 and the percent maximum response were not significantly affected (Table 3) . However, at day 2 there was a marginal difference in the maximum relaxation in response to nitroglycerin between the collar duplicates (see below).
SIN-1 evoked complete relaxation of both control and collar segments. Positioning of the collar did not affect the EC50 values (Table 4 ).
In the presence of indomethacin (3 x 106 M) the dose-relaxation curve for the calcium ionophore A23187 was not significantly altered by a 7-day-old neointima. Both control and collar-treated rings relaxed completely with pD2 (-log ECso [M] ) values of 7.47+0.16 and 7.30+0.07 (n=6), respectively. In contrast, when the endothelium of the control or collartreated segments had been mechanically removed, A23187 failed to induce relaxation.
cAMP-mediated vasodilatation. After precontraction with phenylephrine both control and collarenclosed carotid arteries relaxed in response to isoproterenol. The relaxation was not complete and changed into a contraction at concentrations above 10-6 M. Positioning of the collar for 1 day did not change the EC50 or the maximum dilatation. After 2 days the EC50 decreased slightly in the collar segments, whereas the maximum extent of relaxation was difficult to analyze. It increased, but only in the caudal and not in the cranial collar segment (see below). After 1 week the responses normalized and were not significantly altered by the presence of a neointima. This seemed to persist after 14 days (Table 5) .
Forskolin (1.6x10-8 to 4x106 M) induced almost complete relaxation of control and collar segments at all four times studied, and its EC50 was not altered by the positioning of the collar (Table 6 ). Figure 3 ). This increase did persist after 14 days (n =3). The pD2 values were not significantly altered by the presence of the collar (Table 7) .
Responses to 13-HODE. After precontraction with phenylephrine, high concentrations of 13-HODE (10-6 to 10`5 M) induced further contractions in control rings. The mean increase was 37+5% (n=5 for cranial and caudal segments) above the initial contraction at 10-5 M 13-HODE. In contrast, the segments that had been enclosed by the collar for 7 days dilated in response to 13-HODE (Table 7 , Figure 4 ). This effect did persist when the collar had been present for 14 days (n=3). After 1 and 2 days the responses of the proliferating segments to 13-HODE were not significantly different from the controls (n=4 or 5).
Influence of the collar treatment on the initial contraction to phenylephrine. Although statistically not significant the contraction to 3.5 x 10`M phenylephrine tended to be lower in the collar-treated segments during the first 7 days (see legends to . This tendency became more pronounced after several hours of experimentation in the organ chambers. In arteries with a 14-day-old neointima the contractions to 3.5 x 10`7 M phenylephrine were significantly reduced (4.5+±0.7 g in the cranial and 5.3±0.7 g in the caudal control segments versus 1.0±0.2 g in the cranial and 2.3±0.6 g in the caudal collar segments, n =4, p<O0.05).
Effects of the cranial or caudal site of the segment.
Only one (day 2, isoproterenol) statistically significant interaction occurred between the treatment (collar) and the caudal or cranial site of the duplicate (Table 5 ). The relaxations of those segments were smaller in caudal control segments, whereas the reverse was observed for the collar-treated arteries. Apart from marginally smaller relaxations in response to isoproterenol (day 1) and nitroglycerin (day 2) in caudal segments (Tables 3 and 5) , there were never statistically significant differences between the cranial and caudal segments, neither with respect to the maximum extent of the responses nor with respect to the pD2 of all agonists tested.
Bioassay of the Release of NO
When acetylcholine was injected directly over the ACh log M detector tissue no change of tension or a small FIGURE 2. Cumulative dose-response curves for acetylcholine contraction was seen ( Figure 5 ). Stimulation of con-(ACh, 10-9 to 4x10-6 M) in rabbit carotid artery rings precontrol carotid arteries with acetylcholine caused a dosetracted with phenylephrine (3.5x10-7 M). Cranial (-) and dependent release of NO, as indicated by the relaxcaudal (n) segments of the region of the left carotid artery that ation of the detector segment. The extent of had been surrounded by a collarfor 7 days as well as cranial (o) relaxation of this assay tissue was diminished when and caudal (oi) control segments of the right carotid artery were the carotid artery with the proliferating intima was studied (see Figure 1) . The responses are shown as mean +SEM used as donor tissue (Table 8 ). The bioassay tissues (n=12) and are expressed as a percentage of the initial contracwere equally sensitive to the dilating effects of nitrotion to 3.5xlO-7 M phenylephrine (100%=4.8+-05 g for the glycerin (Table 8) . Moreover, the assay segments cranial and 3.4+0.6 gfor the caudal control segments; 3.0+05 displayed a similar amplitude of relaxation when gfor the cranial and 3.4+0.5 gfor the caudal collar segments).
A23187 was used to stimulate the endothelium of **p<001.
sham-and collar-treated carotid arteries. 
Discussion
The placement of a nonocclusive, soft, flexible silicone collar around the rabbit carotid artery results in smooth muscle cell infiltration and some accumulation of extracellular cholesteryl esters in the intima. This is also observed in human intima formation, which is an essential condition for the development of atherosclerosis. However, in the present model these changes occur within a period of 7 days.10 A second advantage of this model is that normal and intima-bearing vessels can be obtained from the same animal. Since there were no differences in the vascular reactivity between normal segments from the left and right carotid arteries, the left carotid artery was chosen as the experimental vessel and the contralateral artery as control.
Histology
Although it was not the objective of this study to investigate the morphological changes induced by the collar in detail, we determined histologically the degree of neointima formation after 1, 2, 7, and 14 days. The microscopic evaluation indicated that after 1 and 2 days lesions (inflammation and/or necrotic smooth muscle cells) were present in the media. Foci of smooth muscle cells appeared between the endothelial cells and the internal elastic lamina after 2 days. Once the neointima was fully developed, medial lesions could not be observed anymore. These results may indicate that the neointima formation was triggered from the media.
The endothelial cell layer seemed to be morphologically intact at all stages, confirming the results of Booth et al. 10 However, the cells had adopted a cuboidal shape. Because this alteration was also observed in the controls, it may be due to the fact that the segments had been suspended in a proteinfree physiological salt solution for several hours to study their reactivity before they were used for histological examination. There were no histological differences between cranial and caudal segments of the damaged vessels. This was confirmed by the very similar behavior of both segments in the vascular reactivity studies.
cGMP-Mediated Vasodilatation
Previous studies with atherosclerotic arteries demonstrated that relaxation to acetylcholine was abolished or reduced, depending on the severity of the lesions, and that the EC50 was increased. 13 -HODE tog M FIGURE 4. Cumulative dose-response curves for 13 ity that A23187 caused release of NO from macrophages2425 or other cells present in the neointima can be excluded by the finding that A23187 failed to induce relaxation after removal of the endothelium.
cAMP-Mediated Vasodilatation and
Responses to 13-HODE In the second part of this study the effects of a developing neointima on relaxations elicited by isoproterenol, forskolin, the prostacyclin analogue iloprost,26 and 13 -HODE were examined. Isoproterenol and prostacyclin are believed to relax vascular smooth muscle by virtue of a receptor-mediated elevation of cAMP,27-29 whereas the main action of forskolin is to stimulate adenylate cyclase directly. 30 The presence of the collar for 1, 7, or 14 days did not alter the responses of the carotid vascular smooth muscle cells to isoproterenol. However, after 2 days the affinity of the 83-adrenoceptor to isoproterenol was slightly enhanced, particularly in the caudal segments, as indicated by the twofold decrease of the EC50. In the caudal segment of the collar region, the maximum relaxation was also augmented. This may be due to an increased number of f3-adrenoceptors or improved coupling of the receptor to the adenylate cyclase through alterations of the regulatory GTP binding proteins. Because the neointima did not alter the vascular reactivity of the carotid arteries to forskolin, changes of adenylate cyclase activity or of a subsequent step in the cAMP-mediated vasodepression seem to be unlikely.
Because the EC50 values for iloprost were not significantly altered at any time, the affinity of the prostacyclin (IP) receptor for this stereoselective prostacyclin mimetic26 seemed to be unchanged. However, when the neointima was fully developed, the relaxations of the underlying smooth muscle cells to iloprost were significantly increased. Because the adenylate cyclase activity appeared to be unchanged, this could possibly be due to an increased number of functional IP receptors. Receptor density measurements are required to confirm this. An enhancement of IP receptor-mediated responses was also suggested by the concomitant development of vasodilatation in response to 13 On the other hand, the sensitivity to iloprost remained unchanged, but the maximum dilating response to this agent was enhanced in these vessels.
To ascertain that the tendency to diminished contractile force development to phenylephrine in the collartreated segments did not contribute to the enhanced dilatation a second experiment was carried out. In this experiment (n =6) the contraction to 3.5 x 10`M phenylephrine was unaltered (6.4±0.8 g in control and 5.9+0.8 g in collar-treated rings), but again the maximum dilatation to iloprost increased in collartreated segments without a change in EC50. Hence, it is unlikely that a diminished initial contraction to phenylephrine contributed to the altered dilating responsiveness of intima-bearing arteries.
In conclusion, our results demonstrate that an early step in the development of atherosclerosis, that is, the generation of a neointima, reduced the release of NO in response to stimulation of endothelial muscarinic receptors. This impaired endothelial cell function was apparent from the earliest stages of the intimal proliferation. On the other hand, IP receptor-mediated responses were enhanced in vessels with a fully developed neointima. This illustrates selective alterations of endothelial and smooth muscle cell functions during intima generation before fatty streak formation.
